INTRODUCTION
Given the growing worldwide threat of radiological/ nuclear terrorism, the White House Office of Science and Technology Policy's Radiological/Nuclear Threat Countermeasures Working Group concluded that radiation combined injury (RCI) should be a high priority research area (1, 2) . Casualty estimates based on previous atomic bomb detonations predict that 65-70% of victims exposed to radiation will likely have additional trauma, whereas only 15-20% will be affected by radiation alone (3) . The radiation accident at Chernobyl resulted in 60-70% of the radiation-exposed population sustaining combined injuries (3, 4) . While RCI is recognized as an area of great significance, overall there is a paucity of information regarding the magnitudes and mechanisms underlying the interactions between radiation exposure and other forms of injury and how such injuries are handled.
Uncontrolled radiation exposure in an urban or battlefield situation will likely involve a wide range of delivered doses and subsequent tissue/body effects. In addition, radiation effects will likely be exacerbated by other types of injury (e.g., trauma, burns, infection) that may occur either at the time of radiation exposure or at some time thereafter. Although exposure of the brain to low-dose radiation may not directly affect the brain structure or function, it may make the tissue more sensitive to a secondary injury. For instance, a traumatic insult could exacerbate latent radiation injury, resulting in cellular/tissue injury that could impact function or cognitive performance.
The pathophysiology of RCI is complicated and has not been well characterized, nor have effective measures to combat such injuries been established. Thus, the National Institute of Allergy and Infectious Diseases (NIAID) concluded that the search for medical countermeasures for RCI should begin with compounds that are recognized as the standard of care for the individual component injuries (2) . Difluoromethylornithine (DFMO) was synthesized almost 30 years ago as an irreversible inhibitor of ornithine decarboxylase (ODC). It was shown that DFMO decreased edema after cortical impact (5) and ischemic injury volume after experimental cerebral ischemia (3). Our earlier work showed that DFMO treatment reduced radiation-induced necrosis, vascular permeability and associated vasogenic edema after focal radiation-induced injury (6) (7) (8) . We recently demonstrated that when administered immediately after injury and for 41 consecutive days, DFMO effectively reversed cognitive impairments after trauma alone and particularly after RCI (9) . To determine if DFMO could ameliorate the adverse effects of RCI when drug delivery was delayed, we started the DFMO treatment 24 h after a single or combined injury and continued the DFMO treatment for 41 consecutive days.
MATERIALS AND METHODS

Animals
A total of 120 eight-week-old C57BL/6J male mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed and cared for in compliance with the U.S. Department of Health and Human Services Guide for the Care and Use of Laboratory Animals and Institutional Animal Care and Use Committees (IACUCs). Animals were randomly assigned to four treatment cohorts: 0 Gy/ surgery (surgery, n ¼ 30), 4.0 Gy/surgery (radiation, n ¼ 30); 0 Gy/ trauma (trauma, n ¼ 30); 4.0 Gy/trauma (RCI, n ¼ 30). Fifteen animals per treatment group received vehicle, while the other 15 mice were given DFMO. The day that water maze testing was to begin, 5 mice per treatment group were euthanized for biochemical analysis. Animals were group housed (5 mice/cage) throughout the study.
Irradiation
Whole-body irradiation was performed using a 137 Cs irradiator (Gamma cell 3000; MDS Nordion Inc., Ottawa, ON, Canada) as previously described (9) . Animals were irradiated individually in a specially designed restrainer that fit into the irradiator and allowed minimal movement. Dosimetry was performed using film exposure within the cesium irradiator and employing the same geometry used for the animal treatments. The film readings were calibrated against a range of doses obtained using a linear accelerator. For this study we used a 4.0 Gy dose, which does not induce significant changes in the gut or bone marrow in mice. The total irradiation time was approximately 1 min.
DFMO Treatment
DFMO was generously provided by Dr. Victor A. Levin. DFMO is stable in drinking water for prolonged periods of time (months) if there is no growth or contamination by microorganisms.
2 DFMO (1%) was dissolved in drinking water and the solution was changed weekly. DFMO was made available to the mice starting 24 h after their recovery from surgery and for a total of 41 days (Fig. 1) . DFMO treatment was stopped the day prior to the initiation of the cognitive testing.
Traumatic Brain Injury
Traumatic brain injury was induced ;15 min after irradiation (Fig.  1) . Each mouse was anesthetized with 4% isoflurane, maintained by a non-rebreathing apparatus connected to a nose cone on the stereotaxic head frame (Kopf, Tujunga, CA). Ointment was applied to the eyes to protect vision and heads were shaved with an electric clipper. The skin was scrubbed with betadine solution, and a midline incision was made through the scalp. A circular craniotomy, 3.5 mm in diameter was made in the left parietal skull between the bregma and lambda, 0.5 mm lateral to the midline. The skullcap was carefully removed without disruption of the dura. All mice, regardless of injury type, were subjected to this surgical procedure. Mice that were randomly selected for the trauma only group (no irradiation) or the RCI treatment group were subjected to a controlled cortical impact (10, 11) . The lesion was produced with a pneumatic impact device using a 3 mm diameter FIG. 1. Schematic diagram showing experimental design. Two-month-old C57BL/6J male mice received whole-body irradiation (4 Gy) and immediately after (;15 min) received either focal traumatic brain injury or surgery only. Two weeks later, animals were injected daily for 7 days with BrdU (100 mg/kg). DFMO was made available in the drinking water 24 h after surgery and for a total of 41 days and was stopped the day before cognitive testing in the Morris water maze. convex tip, mounted 208 from the vertical to account for the curvature of the mouse skull. The contact velocity was set at 4.5 m/s with a deformation 1.5 mm below the dura and a sustained depression of 150 msec, producing a moderate lesion to the cortex without overtly damaging the hippocampus. After the procedure, the scalp was sutured and each animal received a subcutaneous injection of warm physiologic saline (1 ml) to prevent dehydration. During surgery and subsequent recovery, body temperature was maintained with a circulating water heating pad.
The controlled cortical impact model of traumatic brain injury is widely used because it generates many of the cognitive impairments seen in trauma patients (12) . In the open head model, a portion of the skull was removed, and an impacting rod was driven into the dura to produce deformation of the cortex. Increasing the depth and velocity of the impact intensifies cortical cavitation and the effect on behavioral function (13, 14) . The impact depth of 1.5 mm was chosen based on previous studies performed in young adult mice where a 0.50 mm deformation produced mild injury, a 1.0 mm deformation produced moderate injury and a 2.0 mm deformation produced severe injury (14) .
BrdU Injection
Fourteen days after treatment, all mice received daily injections of BrdU (100 mg/kg) for 7 consecutive days. Four weeks after the first BrdU injection 5 mice per treatment group were euthanized for biochemical analyses. The remaining animals underwent Morris water maze training and testing and were then euthanized by cervical dislocation, after which tissues were collected for analysis of neurogenesis and activated microglia (Fig. 1) .
Morris Water Maze
Assessment of hippocampus-dependent cognitive performance was performed 6 weeks after irradiation, trauma or RCI using the Morris water maze test (15) . A circular pool (diameter 140 cm) was filled with opaque water (248C) and mice were trained to locate a platform (luminescence: 200 lux). To determine if treatment affected the ability to swim or learn the water maze task, mice were first trained to locate a clearly marked platform (visible platform, day 1 and 2). Mice were subsequently trained to locate the platform when it was hidden beneath the surface of the opaque water (day 3-5). Hidden platform training (acquisition) required the mice to learn the location of the hidden platform based on extra-maze spatial cues. For both visible and hidden platform paradigms, there were 2 daily sessions that were 2 h apart. Each session consisted of 3 trials (with 10-min intertrial intervals). A trial ended when the mice located the platform. Mice that failed to locate the platform within 60 s were led to the platform by placing a finger in front of their swim path. Mice were taken out of the pool after they were physically on the platform for a minimum of 3 s. During visible platform training, the platform was moved to a different quadrant of the pool for each session. For the hidden platform training, the platform location was kept constant. Mice were placed into the water facing the edge of the pool in one of 9 randomized locations. The start location was changed for each trial. Distance moved and probe trials were recorded with the Noldus Ethovision video tracking system (Ethovision XT, Noldus Information Technology, Wageningen, Netherlands) set at 6 samples per second.
To measure spatial memory retention, probe trials (platform removed) were conducted 1 h after the last trial on each day of hidden platform training (i.e., 3 separate probe trials). For the probe trials, mice were placed into the water in the quadrant opposite from the target quadrant and allowed to search for the platform 60 s. The time spent in the target quadrant, i.e., where the platform was previously located during hidden platform training, was compared to the time spent in the 3 nontarget quadrants. Average velocity and distance to platform were also used as a measure of performance for the hidden sessions.
Histological Procedures
After the last probe trial mice were killed by cervical dislocation and decapitated. Brains were removed quickly (within 60 s), frozen in isopentane and then stored at À808C until being sectioned on a cryostat. Brain sections were taken across the entire the hippocampus. Tissues from multiple animals were blocked together and cryosectioned (16) . Each slide contained a 20 lm thick sample from each of the four experimental conditions: 0 Gy/surgery; 4.0 Gy/surgery; 0 Gy/ trauma; and 4.0 Gy/trauma. All slides were stored at À808C until processed for histological analysis.
Neurogenesis
To evaluate the effect of DFMO on the survival of newly born cells in the dentate subgranular zone (SGZ) a double labeling protocol was used to identify newly born (BrdU þ ) neurons (NeuN þ ). For BrdU staining, sections were fixed for 8 min in 2% paraformaldehyde, then rinsed in Tris buffered saline (TBS) (pH 7.4). Endogenous peroxidase activity was quenched by 30 min incubation in freshly prepared 3% H 2 O 2 solution. After 2 3 5 min washes in TBS the tissue was treated with 2N hydrochloric acid for 30 min at 378C to denature DNA. The slides were immersed in 0.1 M Na 2 B 4 O 7 to neutralize the acid, followed by eight rinses in TBS for 5 min each to return the pH to approximately 7.4. Nonspecific antigen binding was blocked with TBS containing TSA blocking reagent (PerkinElmer Life Sciences, Emeryville, CA) at ambient temperature for 30 min. Newly born cells were stained using rat anti-BrdU (1:50, Accurate Chemical & Scientific Corporation, Westbury, NY) incubated overnight at 48C. The primary antibody was then detected by 2 h incubation with an anti-rat Red X (Jackson ImmunoResearch Laboratories Inc., Carlsbad, CA). Neuronal staining was performed using an antibody for the neuron-specific nuclear protein NeuN (1:500; Millipore, Billerica, MA). The primary antibody was then detected by 2 h incubation with an anti-mouse Alexa Fluort 488 (Molecular Probest, Eugene, OR). BrdU and NeuN positive cells were double labeled in the same section.
Total and Newly Born Activated Microglia
To determine if DFMO treatment reduced inflammatory responses occurring after injury, the number of activated microglia, either total or newly born, was determined by counting cells labeled for CD68 alone (total) or double-labeled with CD68 and BrdU (newly born). Briefly, sections were fixed for 10 min in 4% paraformaldehyde and after three washes with TBS and quenching of endogenous peroxidase activity in 1% H 2 O 2 solution, they were incubated in TSA blocking buffer containing 3% normal rabbit serum for 30 min to block nonspecific antigen binding. The sections were then incubated with rat anti-mouse CD68 antibody (1:1,000, Abcamt, Cambridge, MA) overnight at 48C followed by incubation with rabbit anti-rat IgG (1:200, Vector Laboratories, Burlingame, CA) for 2 h at room temperature. Staining signals were further amplified with an avidin/biotin amplification system (Vector Laboratories) followed by Cy3 tyramide amplification (PerkinElmer Life Sciences). To label newly born activated microglia (CD68 þ /BrdU þ ), sections were further washed with TBS-tween and treated for DNA denaturation as described above. Rat anti-BrdU primary antibody (1:50, Accurate Chemical & Scientific Corporation) was applied for overnight at 48C and detected with anti-rat FITC (Jackson ImmunoResearch Laboratories Inc.) secondary antibody. Only those cells for which the BrdU nucleus was unambiguously associated with the marker for activated microglia (CD68) were scored as positive for newly born activated microglia. The results were expressed as numbers of cells/mm 2 .
DELAYED DFMO AND HIPPOCAMPAL FUNCTION
Microscopic Analysis
Images were reconstructed as described previously (9) . Briefly, mosaics were collected with a Zeiss Axio Imager ApoTome microscope using a 203 objective (Carl Zeiss, Hertfordshire, UK). The parameters were kept constant across sections. Regions of interest were selected using AxioVision imaging software (Carl Zeiss) and the numbers of positive cells were counted in a blinded fashion. Every sixth section (120 lm interval), covering the entire hippocampus was processed for immunohistochemical analysis. Cells were counted (without knowledge of treatments) under high power (403) using an ApoTome Zeiss microscope (Carl Zeiss) and expressed as the number of newborn cells per mm 2 of hippocampal dentate gyrus.
Western Blot Analyses
To determine if the major antioxidant enzymes were altered by DFMO treatment, hippocampi were collected from 20 mice each from the vehicle treatment and DFMO treatment groups on the day water maze testing began. Brains (n ¼ 5) from each of the experimental conditions (i.e., 0 Gy/surgery; 4.0 Gy/surgery; 0 Gy/trauma; 4.0 Gy/ trauma) were dissected on ice, flash frozen in liquid nitrogen and stored at À808C.
For Western blot analyses, hippocampal tissues from each animal were homogenized individually (weight to volume ratio 1:20) in T-PER buffer (Thermo Scientific, Rockford, IL), containing Completet protease inhibitor and phosphatase inhibitor (Roche, Switzerland). Homogenized samples were centrifuged at 10,000g at 48C for 5 min, and the supernatants were stored in 20 ll aliquots at À808C. Protein concentration of each sample was determined with a NanoVuee spectrophotometer (GE Healthcare, Pittsburgh, PA), and 50 lg of total proteins from each sample were used for the analysis. Protein levels of antioxidant enzymes, CuZn superoxide dismutase (CuZnSOD), Mn superoxide dismutase (MnSOD), thioredoxin 1 (Trx1), peroxiredoxin 1 (Prdx1) and peroxiredoxin 3 (Prdx3) were determined. Primary antibodies used in this study have been previously described (17, 18) . IRDye-conjugated secondary antibodies were used for signal detection and quantification of all Western blot samples, and protein bands were visualized using an Odysseyt Infrared Imaging System (Licor, Nebraska). Blots were reprobed with an antibody against b-actin (A3854, 1:5,000, Sigma-Aldrich LLC, St. Louis, MO) for normalization. To adjust for the gel-to-gel variations in Western blot signals, a common hippocampal sample was loaded in all gels for standardization.
Data Analysis
Statistical analyses for the behavioral data were generated using R statistical programming language (GNU General Public License). There were two sets of analyses performed on the distance moved data. The first of these assessed the effects of treatment and time on the abilities of the mice to learn during the visible and hidden platform water maze studies and involved using mixed model analyses of variance (ANOVAs). Next, the corresponding pair-wise comparisons of condition-specific estimates of the day 3 treatment estimated slopes were calculated. The second round of analysis compared group performance on the same day. In that analysis, radiation and treatment were between group factors and day was treated as categorical to facilitate specific comparisons among groups and to eliminate the assumption of a linear trend in performance over time. To correct for the observed heteroskedasticity, a logarithmic transformation was used. Separate analyses were conducted for the visible and hidden platform learning curves. Distance moved refers to the water maze learning curve. For analysis of performance in the water maze probe trials, one-way ANOVAs were used along with Bonferroni's multiple comparisons test when appropriate.
Statistical analyses for the immunohistochemistry cell counts were performed using GraphPad Prism software (La Jolla, CA). Two-way ANOVAs were used to test whether there were main effects of DFMO and treatment (surgery, irradiation, trauma or RCI) or an interaction between DFMO and treatment. When the interaction between DFMO and treatment was significant (P , 0.05), a step-down procedure for multiple comparisons was followed with two separate one-way ANOVAs. When the overall one-way ANOVA was significant (P , 0.05), individual between-groups comparisons were performed with the Newman Keuls post hoc test. Data for the ipsilateral and contralateral hemispheres were analyzed separately. Western blot data were analyzed using a two-way ANOVA with Holm's correction. Differences were considered to be statistically significant when P , 0.05.
RESULTS
Cognitive Studies
Distance moved. The Morris water maze was used to determine if DFMO treatment reverses cognitive deficits after single or combined injury. During the visible platform sessions, which measured the animal's ability to learn the task, there was an effect of treatment on distance moved to target (F (3, 76) ¼ 6.36, P , 0.01). Multiple comparison analyses showed that on day 1, mice that received surgery only and treated with DFMO swam significantly shorter distances to locate the visible platform compared to mice that received surgery and vehicle only [DFMO vs. vehicle treated; t ¼ À2.05, P , 0.05 ( Fig. 2A) ]. There was also a trend toward significance on day 2 [DFMO vs. vehicle treated; t ¼ À1.65, P ¼ 0.09 ( Fig. 2A)] .
For the analysis of the hidden platform sessions, which measures acquisition of spatial learning, overall there was an effect of DFMO (F (1, 76) ¼ 18.56, P , 0.001). Multiple comparison analyses showed that mice receiving trauma and vehicle treatment moved significantly longer distances to locate the platform compared to DFMO treatment animals on day 3 [day 3, DFMO þ trauma vs. vehicle þ trauma; t ¼ À2.27, P , 0.05 (Fig. 2C) ]. Multiple comparison analyses also showed that after RCI, mice treated with DFMO swam significantly shorter distances to locate the hidden platform compared to RCI mice treated with vehicle on day 4 and 5 [day 4: DFMO þ RCI vs. vehicle þ RCI ¼À2.28, P , 0.05; day 5: DFMO þ RCI vs. vehicle þ RCI ¼ À2.91, P , 0.01 (Fig. 2D)] , and a trend toward significance on day 3 [DFMO vs. vehicle; t ¼À1.71, P ¼ 0.08 (Fig. 2D) ]. While all treatment groups exhibited improved learning, only mice that received RCI plus DFMO consistently showed improved ability to locate the hidden platform compared to mice that received RCI plus vehicle treatment.
Probe trial. During the first probe trial, vehicle treated mice that received surgery only or radiation only demonstrated memory retention by spending more time in the target quadrant than any other quadrant. In contrast, vehicle treated animals that received trauma, or RCI, did not show spatial memory retention [surgery: target vs. any other quadrant, P , 0.05 (Fig. 3A) ; radiation: target vs. any other quadrant, P , 0.05 (Fig. 3B) ; trauma: target vs. any other 492 quadrant, P . 0.05 (Fig. 3C) ; RCI: target vs. any other quadrant, P . 0.05 (Fig. 3D) ]. During subsequent probe trials 2 and 3, all of the treatment groups showed memory retention, spending more time searching in the target quadrant than in any other quadrant (not shown).
In DFMO treated mice, spatial memory retention was seen in the first probe trial after all treatments, with mice spending more time in the target quadrant than in any other quadrant [surgery: target vs. any other quadrant, P , 0.05 (Fig. 3a) ; radiation: target vs. any other quadrant, P , 0.05, (Fig. 3b) ; trauma: target versus any other quadrant, P , 0.05 (Fig. 3C) ; RCI: target vs. any other quadrant, P , 0.05 (Fig. 3b)] . The results from probe trials 2 and 3 were the same as trial 1 with all animals showing retention of spatial memory.
Western Blot Analysis of Antioxidants
Western blot analyses were performed to examine the effects of DFMO treatment on the expression of antioxidants associated with cellular redox regulation. Protein levels of CuZnSOD, MnSOD, peroxiredoxin 1, peroxiredoxin 3 and thioredoxin 1 were measured from hippocampal tissue. Compared to vehicle treated mice, there was a significant main effect of DFMO treatment on the levels of peroxiredoxin 3 (F (1, 48) ¼110.2, P , 0.01) and thioredoxin 1 (F (1, 48) ¼14.74, P , 0.001) present within the hippocampus. Holm-Sidak's multiple comparison analysis revealed that DFMO significantly increased hippocampal thioredoxin 1 and peroxiredoxin 3 across all treatment groups [thioredoxin 1: surgery DFMO vs. vehicle, P , 0.001; radiation DFMO vs. vehicle, P , 0.001; trauma ipsilateral DFMO vs. vehicle, P , 0.001; trauma contralateral DFMO vs. vehicle, P , 0.001; RCI ipsilateral DFMO vs. vehicle, P , 0.01; RCI contralateral DFMO vs. vehicle, P , 0.05 (Fig. 4A) ] [peroxiredoxin 3: surgery DFMO vs. vehicle, P , 0.05; radiation DFMO vs. vehicle, P , 0.05; trauma ipsilateral DFMO vs. vehicle, P , 0.01; trauma contralateral DFMO vs. vehicle, P , 0.05; RCI ipsilateral DFMO vs. vehicle, P , 0.05; RCI contralateral DFMO vs. vehicle, P , 0.05 (Fig. 4B) ]. Our analyses did not detect a main effect of DFMO treatment on the levels of CuZnSOD, MnSOD, peroxiredoxin 1 precluding post hoc comparison. This suggested that at least for these enzymes analyzed here, there were no apparent significant changes when mice were treated with DFMO. 
DELAYED DFMO AND HIPPOCAMPAL FUNCTION
Immunohistochemistry BrdU
The presence of BrdU þ cells 4 weeks after BrdU injection represents the long-term survival of newly generated cells, independent of phenotype. Our initial analytical approach was to assess these end points in both hemispheres independently. In both hemispheres of the animals that received surgery only, DFMO treatment resulted in nonsignificant reductions in the numbers of BrdU þ cells (Table 1) .
Neurogenesis
As for newly born neurons (BrdU þ /NeuN þ ), the changes observed with respect to hemispheric differences and changes induced by injury and modulated by DFMO were generally the same as those observed for BrdU alone (Table  1) .
Activated Total and Newly Born Microglia
For total numbers of activated microglia (CD68 þ ) there was no interaction between DFMO and injury (F (3, 35) ¼ 0.58, P ¼ 0.62; two-way ANOVA) and there were no significant differences between treatment groups with or without DFMO (not shown). For newly born activated
, there was a trend towards an interaction between DFMO and injury (F (3, 35) ¼ 2.54, P ¼ 0.07; two-way ANOVA), but there were no significant differences in cell number as a function of insult or DFMO treatment (Table 2) .
DISCUSSION
Our data show that when treatment with DFMO is started 24 h after injury, the effects of trauma and RCI on hippocampus-dependent learning and memory are ameliorated. In addition, DFMO treatment upregulates the expression of antioxidant enzymes in the hippocampus that may protect neurons from excitotoxicity. This is a very important finding, given the brain's inherent susceptibility to oxidative injury due to relatively low levels of endogenous antioxidants (19, 20) . It has been suggested that this sensitivity plays a role in a number of neurodegenerative conditions, aging and in ischemic, traumatic and excitotoxic damage (21) (22) (23) (24) .
In the current study, all animals that received DFMO, independent of the type of injury, showed significant increases in Trx1 and Prdx3 compared to vehicle treated controls (Fig. 4A, B) . The thioredoxin system protects cells against H 2 O 2 -induced cell death and its inhibition promotes oxidative stress. Trx1 has also been shown to have neuroprotective effects on both brain ischemia and 494 excitotoxic hippocampal injury in transgenic mice overexpressing human Trx1 (25) . Prdx3 is located exclusively in the matrix of mitochondria (26, 27) . Studies have shown that overexpression of Prdx3 in cell lines lead to a reduction in cellular reactive oxygen species (ROS) and that a knockdown elevates cellular ROS suggesting that Prdx3 plays an important role in quenching H 2 O 2 in mitochondria (28, 29). Prdx3 not only scavenges H 2 O 2 in cooperation with thiol, but also peroxynitrate (ONOO -) by itself (30) . The redox regulating activity of Trx1 and Prdx3 may contribute to the protective/mitigative effects of DFMO after traumatic brain injury or combined radiation-traumatic brain injury by diminishing oxidative stress.
Cognitive impairments were quantified using the Morris water maze, a well described method for determining hippocampus-dependent learning and retention of spatial memory (15 and references therein). In the current study, the acquisition of spatial learning was assessed during the hidden platform sessions. Learning was impaired over multiple sessions in vehicle treated mice that received RCI. DFMO ameliorated this learning acquisition deficit. This effect was most apparent on day 4 and 5 when vehicle treated mice that received RCI swam significantly longer distances to locate the hidden platform location (Fig. 2D) . After the hidden platform session, spatial memory retention was assessed during the probe trials. Vehicle treated animals that received trauma or RCI did not show spatial memory retention. In contrast, all animals that received DFMO regardless of injury type showed spatial memory retention and spent most of their time searching the target quadrant. Overall these data suggest that a delayed regimen of DFMO treatment can ameliorate the hippocampal-dependent cognitive impairments induced by a single or combined radiation-traumatic brain injury situation.
The hippocampus has been shown to be critically involved in learning and memory, and the results of this current study show that these functions are affected by RCI and are in agreement with our previous studies (9) . Hippocampal-dependent learning and memory are strongly influenced by the activity of neural stem cells and their proliferative progeny (31) . Increased neurogenesis may result in improved performance in hippocampal-dependent memory tasks (32) , while disruption of hippocampal (33) . Given our own data, along with those from others, we felt it was possible that changes in neurogenesis might play an important role in the behavioral consequence of RCI. Our current data show that in vehicle treated mice, there was a significant decrease in BrdU þ /NeuN þ cells in the contralateral hemisphere in irradiation only, trauma only and RCI groups compared to mice that received surgery only. Previous studies from our laboratory and others have shown that radiation decreases cell proliferation and neurogenesis, suggesting that these decreases seen in the RCI and radiation only groups in the current study are due to the radiation treatment. However, the RCI mice were impaired while the mice receiving radiation only did not display cognitive deficiency. Given these findings, the data suggest that the generation of newly born neurons per se may not be a critical factor in the cognitive performance changes observed here, which supports previous reports on RCI (9, 34) .
A number of studies suggest that inflammation may contribute to alterations in neurogenesis and cognitive function after CNS irradiation or trauma (35) (36) (37) (38) . Microglia are resident cells of the brain involved in the regulatory process critical for maintenance of the neural environment, injury and repair. In the uninjured brain ''resting'' microglia are ramified, continuously surveying the surrounding neural tissues (39) . Under pathological conditions microglia become activated and perform a dual role, scavenging the damaged and dying neurons and initiating a local neuroinflammatory reaction (40) . In the current study, we measured inflammatory changes by quantifying numbers of total activated microglia (CD68 only) and the numbers of newly born activated microglia (BrdU þ /CD68 þ ). In mice that were treated with vehicle or DFMO there were no group differences seen in total numbers of activated microglia (CD68 only) (not shown). In addition, when DFMO treatment was delayed 24 h post injury, the drug did not affect the number of newly born neurons on in the ipsilateral hemisphere.
Polyamines putrescine, spermidine and spermine are ubiquitous low-molecular-weight aliphatic cations involved in cell proliferation, differentiation and death (41) . Polyamines play a fundamental role in the developing brain; they are crucial for the regulation of cell division and are present in high concentration. Once neuronal cells have matured and proliferation has ceased, polyamine levels drop. We recognize that there is considerable data available showing that DFMO depletes polyamine levels (42) (43) (44) . However, it was not the objective of this study to do an indepth investigation into whether the observed differences in cognition were directly attributed to alerted levels of polyamines. Further studies are warranted to delineate if and how polyamines impact hippocampal antioxidant enzymes and how those changes may influence effects of traumatic brain injury or combined radiation-traumatic brain injury on cognition.
Traumatic brain injury is a likely consequence of a nuclear blast, and is a frequent cause of death and disability when individuals are exposed to explosive forces. Not only are individuals near the site of detonation at risk, but also first-responding personnel (medical/rescue) who tend to the victims, and although the latter may receive lower radiation doses, they are also at risk for other types of injury (e.g., trauma) while performing their duties. This study supports the potential usefulness of DFMO in managing traumatic brain injury alone, and as a countermeasure against RCI. To the best of our knowledge, this is the first report demonstrating a countermeasure administered 24 h post injury against RCI in the brain. Given a broad consideration that DFMO significantly reduced adverse effects for RCI from a biochemical and behavioral perspective, this suggests that this drug may be an effective countermeasure. 
